The complexity of the frying process impairs the development of mechanistic models to describe water losses. Empirical models, though lacking a theoretical basis, may provide a suitable and simpler alternative. In this work it was found that a two parallel compartments model (core and edge compartments), with a time-dependent boundary condition, could be successfully applied for this purpose. The model showed a good ®t to the experimental data for a variety of experimental conditions tested: potato geometry and size, temperature, oil type and oil use. The core compartment was found to contain about 63% of the initial potato water content. The rate constants of two-compartments were very sensitive to slice thickness, whereas temperature aected only the rate constant of the core compartment. No signi®cant eects were detected in terms of oil type or oil use. Ó
Introduction
Deep-fat frying is widely used in food processing. Between the numerous fried products, potatoes are the most important ones from a point of view of market share. Frying may be seen as a high temperature drying process in a liquid fat medium. Fresh or frozen potato slices are immersed in the frying medium and as heating proceeds the water is evaporated and lost, vapour bubbles being formed at and released from the potato surface. A dry surface crust is formed and a 103°C-isotherm evolves towards the centre (Pravisani & Calvelo, 1986) . Fat absorption into the voids created by the release of vapour occurs when the slice is removed from the frying medium as a result of a pressure drop, caused by the cooling of the product (Ufheil & Escher, 1996; Gamble & Rice, 1987) . Thus, predicting water losses is most important to model and control the process.
Reported models often assume that the process may be described by mass transfer theory, being controlled either by internal diusion mechanisms (Farkas, 1994; Rice & Gamble, 1989; Kozempel, Tomasula & Caig Jr., 1991) or by the resistance of the crust to mass transfer (Lamberg, 1990) . Other authors suggest that heat transfer dominates the process (Keller & Ashkenazi, Mizrahi & Berk, 1984) . Indeed, both heat and mass transfer may be expected to play important roles in the process, and the changes of the potato structure and physical properties during frying, coupled to the build-up of internal stresses, further hinder the development of mechanistic models. Some fundamental models were however reported in literature (Farkas, 1994; Ngadi, Watts & Correia, 1997) , considering internal diusion as the controlling step. These models provide a greater scienti®c insight, yet they are still based on over-simpli®ed assumptions and imply the use of complex numerical methods, thus having high requirements in terms of computer software and time.
To avoid such complex models, compartmental models have been used in the study of water and solute transport during osmotic dehydration (Raoult-Wack et al., 1991) and intermittent drying of rice (Toyoda, 1988) . Recently a three-compartment in series model was also reported for describing water losses in deep-fat frying of banana (Courtois, Trystram, Lemaire & Wack, 1998) . Visual observation of potato frying shows that the water loss rate is very slow at the beginning of frying and then abruptly increases up to a maximum after which water losses decrease approximately exponentially with time (Costa, Oliveira, Delaney & Gekas, 1998) . Furthermore, water loss is not uniform through the entire potato slice: it occurs ®rst on the edges and, as heating proceeds, gradually evolves to the potato core. Structural and colour changes are also ®rst perceived at the edges. This suggests the existence of two parallel compartments, with a time-dependent boundary condition, that may be related to the crust formation or heating to 103°C before evaporation.
The main objectives of this work were to assess whether a compartmental model could be used to describe water losses during deep-fat frying of potatoes and to assess the eect of process conditions on the model parameters.
Materials and methods

Preparation of raw potato samples
Slices 46 0.5 mm in diameter were cut from the¯esh of potato tubers (CV. Van Gogh) with a Milano rotary slicer. Dierent thicknesses were tested: 1.5 0.1 and 3.0 0.2 mm. In addition, some experiments were made with french fries (8.5 0.5´8.5 0.5´50 0.5 mm 3 ). Samples were cut from pith and perimedullary tissue, though when cutting french fries inclusion of other tissues was sometimes unavoidable. The potatoes were bought in a local market and prior to use they were stored at 15 5°C in a dark room for no longer than one month.
Frying
Frying was performed in a metal bath with 16 l capacity. Temperature was controlled (0.2°C) by a thermostatic head (Thermomix UB ± Braun, Germany) and the oil was stirred to avoid temperature gradients. It was however noticed that agitation patterns were different from location to location and for that reason only two slices were fried at the same time in the same location, so that the hydrodynamic conditions would be always the same. Each potato sample was suspended on a stainless wire and immersed in the frying bath. After cutting, the slices were kept in a closed petri dish to avoid moisture loss prior to frying. The fried slices were surface dried with paper cloth, placed in a closed petri dish to avoid moisture loss prior to further analysis, and allowed to cool down to ambient temperature.
The experiments
A preliminary set of experiments was conducted to assess the adequacy of the model, with 1.5 mm thick potato slices and with french fries. In this set two temperatures were tested: 140°C and 180°C. Sixteen sampling times and three to six replicates were analysed for each experiment. Sun¯ower oil with low oleic acid content was used as the frying medium.
A second set of experiments was performed based on a full factorial design at two levels, to assess the eect of dierent variables on the model parameters: temperature (140°C and 180°C), slice thickness (1.5 and 3.0 mm), oil variety (sun¯ower with 20% oleic acid and sun¯ower with 80% oleic acid) and oil use (fresh oil and oil heated for 8 h at 195°C). The experiments were performed randomly. Twenty four sampling times and two replicates were analysed for each experiment.
Sun¯ower oil of low oleic acid content was obtained from ALCO (Porto, Portugal) and sun¯ower oil with high oleic acid content was obtained from FNM (Porto, Portugal).
Moisture content determination
The water content was measured gravimetricaly by the AOAC-984.25 method: samples were dried in a convection oven (Memmert, Schwabach, Germany) at 105 1°C until constant weight (16 h for french fries and 6±10 h for slices, depending on sample thickness).
Oil penetration determination
Some experiments were conducted with oil previously coloured before frying with 0.5 g of Sudan Red B (Fluka, Buchs, Switzerland) per litre of oil (this was earlier used by Keller, Escher and Solms (1986) . After frying, the potato samples were quickly frozen in liquid nitrogen and freeze-dried in a Christ Alpha 1-4 freezedrier (Braun, Melsungen, Germany) model. The dried slices were cut longitudinally and observed with a video microscope Olympus 1000NM (Japan) with 50´mag-ni®cation lenses.
The mathematical model
From visual observation, it was concluded that the frying process is faster at the potato edges than at the core, which may be due to geometrical eects: at the edges both heat and mass transfer occur radially and axially, whereas at the potato core radial transfer is not very important. Further evidence was provided by the analysis of oil penetration, as shown in Fig. 1 : oil penetration occurred faster at the edges than at the potato core, and as oil penetrates into the voids created by the release of vapour (Ufheil & Escher, 1996; Gamble & Rice, 1987) , this implies that water loss is also faster at the potato edges. Water loss was therefore modelled by a two-compartment model, a core and an edge compartment (see Fig. 1 ). The simplest dynamic model that can be considered for each compartment is a general ®rst order response:
where s is the compartment time constant, m is its moisture content at time t and f(t) is an input function. The perturbation caused on the system at time zero (immersion of the potato in the frying medium) is not instantaneous, and it was assumed that it develops exponentially with time:
where m 0 is the initial moisture content and b is the delay constant of the input function. The above equation describes the system dynamics as a general ®rst-order response to an exponential input.
By simple mathematical manipulation, Eq. (2) may be written in a form more usual in kinetic models:
where k is a rate constant (the reciprocal of s).
Eq. (3) shows that the gradient for water loss is timedependent, being zero at time zero. The integration of Eq. (3) yields:
If no interaction is considered between the two-compartments, the amount of water in the potato at a given time is the weighed sum of the amount of water in each compartment:
where a is the fraction of water initially contained in the core compartment and the subscripts c and e refer respectively to the core and to the edge compartments. When ®tting this equation to the experimental data it was found that the k and b values, for a given compartment, were not statistically dierent. This allows simpli®cation of Eq. (3) to:
Results and discussion
The two-compartment model was ®tted to the experimental data and the ®ts were compared with those obtained with other models commonly applied in literature: internal diusion and lumped mass capacity system (i.e., ®rst order kinetics due to the predominance of the external resistance to mass transfer). The solution of Fick's 2nd law for an in®nite slab (Crank, 1975) was used for thin slices, whereas for french fries an in®nite brick geometry was considered and the solution of FickÕs 2nd law was combined with NewmanÕs rule (Newman, 1936) . Table 1 shows the estimates of the model parameters and some statistic parameters for the dierent models tested with the set of preliminary experiments. The ®ts to the experimental data are shown in Fig. 2 . The results obtained show clearly that the compartmental model ®ts very well the experimental data (R 2 between 0.994 and 0.999). The diusion and the lumped mass capacity models, though having in general high R 2 , yield biased ®ts, except for the potato slices fried at 180°C, where the lumped mass capacity model also gives a good ®t. One should note that this model is a particular case of the compartmental model, when only one compartment is considered and when the delay is short (b ® I). Both the diusion and the lumped mass capacity models are not able to describe the initial delay generally observed in the experimental data. The values of the diusion coecients obtained (2.78´10 À9 ± 6.93´10 À9 m 2 s À1 ) are comparable to those reported by other authors (e.g., Rice & Gamble, 1989) . Fig. 3 shows the evolution of the moisture content in the core and in the edge compartment for the preliminary experiments. For the thin slices, the edge compartment is basically dry after 1 min at 140°C and 30 s at 180°C. The sigmoidal behaviour is much more evident in the core compartment, due to the longer time required for the time-dependent boundary condition to stabilise (see Fig. 4 ). For french fries, it is curious to note that after 2 min of frying the edge compartment is virtually dry, whereas the core compartment lost only a minor amount of water (Fig. 3(c) and (d)). The driving force for mass transfer shows a maximum with time ( Fig. 5) , much more delayed for the core compartment in french fries.
The time-dependent boundary condition applied to each compartment could also be seen from the per- 
This equation shows that this apparent rate constant starts at zero and increases with time, levelling o at the values of k c and k e , respectively for the core and the edge compartments. Fig. 6 shows the evolution of this timedependent rate constant on time. It can be seen that the rate constant starts at zero, due to the delay, and increases faster for the edge compartment and for crisps, as this increase depends on the k c and k e values. Results earlier reported (Costa et al., 1998) showed that the heat transfer coecient from the frying medium to the potato increases up to a maximum and then decreases. Thus, this time dependent behaviour cannot be explained by the changes in the rate of heat transfer from the oil to the potato only, as when the heat transfer coecient starts decreasing, this apparent constant rate continues increasing, though at a moderate rate.
To further assess the applicability of the proposed model and to get some insight into the dependence of the model parameters on the process conditions, the model was applied to a set of experiments with potato slices based on a factorial design of the following variables at two levels: (i) oil temperature, (ii) slice thickness, (iii) percentage of oleic acid in sun¯ower oil and (iv) oil use. The estimates of the model parameters are presented in Table 2 and the Pareto charts for the eects are presented in Fig. 7 . The model provided very good ®ts for all the conditions tested (R 2 between 0.984 and 0.999).
The parameter a is not statistically aected by any of the variables tested, though slightly greater for the thinner potatoes. Its average value was 0.63, and if one assumes that the water is evenly distributed through the whole potato slice, this means that the core compartment corresponds to the potato slice up to a radius of 18 mm and the remaining 5 mm constitute the edge compartment.
The rate constant of the edge compartment is between 2 and 40 times greater than that of the core compartment. The slice thickness is the variable that aects the rate constants the most. Increased thickness decreases the rate constant, owing to geometry eects: thicker slices have a smaller speci®c area thus reducing the relative area available for water loss, the internal pathway is longer and more heat is required to evaporate the water; also, the surface crust that hinders water loss may play a major role on the thicker potatoes, as the thinner potatoes have a crust type structure already at relatively short frying times. This eect is more evident for the rate constant of the core compartment. Temperature also plays a signi®cant role on the rate constant of the core compartment, showing an interaction with thickness: the greater the temperature the greater the rate constant, as expected, but this is particularly important for the thinner slices. On the other hand, temperature does not aect the rate constant of the outer compartment at a 95% signi®cance level. The frying medium and the oil use did not show any signi®cant eect (P < 0.05). The two frying media tested diered only on the oleic acid content. At room temperature the oil richer in oleic acid is more viscous, but as temperature increases this dierence levels o (Noureddini, Teoh & Clements, 1992; Toro-Vasquez & InfanteGuerreo, 1993) , explaining why no signi®cant dierences were detected when frying the potatoes in the two different media. Physical properties change with oil use (Blumenthal & Stier, 1991) : viscosity, thermal conductivity and speci®c gravity increase, while heat capacity, surface tension and interfacial tension decrease. In our experiments, the oil heated for 8 h at 195°C presented a reddish colour and an o-¯avour. Yet, this was found not to aect water loss at a 95% signi®cance level.
Conclusions
The proposed compartmental model showed to ®t very well the experimental data of water losses during frying. The core compartment was found to contain about 63% of the initial potato water content. The rate constants of the two-compartments are very sensitive to slice thickness, whereas temperature aects only the rate constant of the core compartment. No signi®cant eects were detected in terms of oil type or oil use.
